Outer membrane vesicles (OMV) are spherical structures derived from the outer 12 membrane (OM) of Gram-negative bacteria. Bacteroides spp. are prominent 13 components of the human gut microbiota, and OMV produced with these species are 14 proposed to play key roles in gut homeostasis. OMV biogenesis in Bacteroides is a 15 poorly understood process. Here, we revisited the protein composition of B. theta OMVs 16 by mass spectrometry. We confirmed that OMVs produced by this organism contain 17 large quantities of glycosidases and proteases, with most of them being lipoproteins. 18 We found that most of these OMV-enriched lipoproteins are encoded by polysaccharide 19 utilization loci (PULs), such as the sus operon. We examined the subcellular localization 20 of the components of the Sus system, and found that the alpha-amylase SusG is highly 21 enriched in OMVs while the oligosaccharide importer SusC remains mostly in the OM. 22 We show that all OMV-enriched lipoproteins possess a lipoprotein export sequence 23 (LES) that mediates translocation of SusG from the periplasmic face of the OM towards 24 the extracellular milieu and is required for SusG to localize preferentially to OMVs. We 25 also show that surface-exposed SusG in OMVs is active and can rescue growth of 26 bacterial cells incapable of growing on starch as only carbon source. Our results 27 support the role of OMVs as "public goods" that can be utilized by other organisms with 28 different metabolic capabilities. 29 IMPORTANCE 30 Species from the Bacteroides genus are predominant members of the human gut 31 microbiota. OMVs in Bacteroides have been shown to be important for the homeostasis 32 of complex host-commensal relationships, mainly involving immune tolerance and 33 protection from disease. OMVs carry many enzymatic activities involved in the cleavage 34 of complex polysaccharides and have been proposed as public goods that can provide 35 growth to other bacterial species by release of polysaccharide breakdown products into 36 the gut lumen. Nevertheless, the mechanistic nature of OMV biogenesis is unclear for 37
INTRODUCTION
lipoproteins are putative protein and sugar hydrolases, required for the breakdown of 135 complex nutritional sources. The presence of a LES on OMV proteins is consistent with 136 their annotated functions, as they are required to face the extracellular milieu to access 137 their cognate substrates. Conversely, OM-enriched lipoproteins like BT_2844, do not 138 carry a LES motif. Instead, lipoproteins preferentially retained at the OM have lower 139 sequence conservation and lower frequency of negatively-charged amino acids along 140 the residues adjacent to the lipoprotein attachment cysteine (Figure 4b , Table S2 ).
141
SusG and other Sus lipoproteins are enriched in OMV and SusC is retained at the 142 OM. 143 In B. theta, hydrolytic lipoproteins are mainly encoded in PULs. PUL and PUL-like 144 operons account for approximately 20% of the B. theta genome. 36 lipoproteins 145 encoded in PUL and PUL-like operons were found in our OMV-enriched proteins. One 146 of the most studied lipoproteins from B. theta is the α-amylase SusG, encoded by the 147 sus operon and essential for starch catabolism (29, 30) . The sus operon has been 148 shown to be induced by starch and maltooligosaccharides (31). Our MS data shows that 149 even in non-inducing conditions, two lipoproteins encoded by the sus operon, SusD and 150 SusE, are enriched in OMVs (Table S2 ). Given the importance of starch in the 151 mammalian diet, we investigated the subcellular localization of the components of the 152 Sus operon. We found that all Sus lipoproteins, in particular SusG, are enriched in the 153 OMV. The only exception was the porin SusC, which is mostly retained at the OM 154 ( Figure 5 ). This result strongly suggests that hydrolytic lipoproteins can exert their 155 biological effect not only at the level of the outer membrane but also through OMVs.
156

LES is required for SusG exposure and packing into OMVs
All B. theta endoglycanases involved in the first step of polysaccharide breakdown, 158 including SusG, are surface-exposed lipoproteins (29, 32) . Because most OMV-159 enriched lipoproteins contain a LES motif, we investigated a possible association 160 between surface exposure and packing into OMVs. SusG only contains two Asp 161 residues following the +2 Ser residue, and therefore, for the purpose of this work, we 162 provisionally define its LES motif as CSDD. We performed a mutational analysis on the Ala (CSAD, CSDA, CAAD) decreased OMV-packaging (~50% relative to WT), while 169 mutation of both Asp residues by either Ala or Lys (CSAA, CAAA, CAKK) had a more 170 dramatic effect (~15% relative to WT) ( Figure 6c ). Conservative replacement of Asp by 171 Glu (CSEE) displayed a WT-like behavior. These results indicate that the LES motif 172 CS(D/E) 2 is required for SusG packaging into OMVs.
173
The LES motif has been defined as a surface exposure tag in C. canimorsus (28). We 174 used the WT LES SusG construct as well as the non-Asp variants (CSAA, CAAA) to 175 determine whether this motif is also required for surface exposure in B. theta. Whole 176 cells and OMVs from the different strains were subjected to Proteinase K (ProK) 177 sensitivity analysis. Only the WT SusG was degraded by ProK ( Figure 7) . As a control, 178 we employed a periplasmic soluble protein that localizes into the lumen of OMVs 179 (BT_0766) and is therefore protected from ProK degradation. Taken together, these 180 experiments confirm that LES mediates both SusG surface exposure and enrichment in 181 OMVs.
182
OMV containing SusG rescue ΔsusG growth in starch 183 Our experiments demonstrated that SusG is packed and surface-exposed in OMVs.
184
OMVs carrying certain glycosyl hydrolases can digest complex polysaccharides 185 providing essential nutrients to bacteria unable to degrade these substrates (22, 23) .
186
The ΔsusG strain is unable to grow on minimal media with starch as the sole carbon The human gut microbiome is largely composed of species from the Bacteroides genus. Bacteroides spp are important for gut homeostasis (14, 15) . They establish ecological 201 interactions with each other and are also involved in host-commensal relationships, 202 especially regarding the development of the immune system (7, 8, 34) . Here, we show 203 that B. theta produces large amounts of uniformly sized OMVs. Using an optimized 204 methodology for the purification of different membrane fractions, we confirmed that 205 OMV are highly enriched with lipoproteins, particularly glycosyl hydrolases. Our MS 206 data identified the presence of a lipoprotein exposure sequence (LES) in all OMV-207 enriched lipoproteins. Employing the α-amylase SusG as a model, we showed that the 208 LES is required for surface exposure and recruitment into OMVs. To our knowledge, 209 this is the first identification of a signal involved in protein sorting into OMVs.
210
A handful of lipoprotein surface transport mechanisms have been described in Gram-211 negative bacteria (35) (36) (37) (38) . Shuttling of a group of Neisseria meningitidis lipoproteins to 212 the surface is dependent on proteins Slam1 and Slam2, although the sorting 213 mechanism has not been defined (38, 39) . Moreover, the well-studied Bam system for 214 folding of beta-barrel proteins in the outer membrane has been shown to export specific 215 lipoproteins (36). We have not identified orthologs of Slam1 or Slam2 by sequence from several species will be required to exactly define a consensus sequence for the 227 LES motif among Bacteroidetes. 228 Our results suggest that the LES has a dual role in surface exposure and recruitment of 229 lipoproteins into OMVs (Fig 9) . It is possible that the LES is involved in protein packing 230 into OMVs through a direct interaction with an unknown component of a putative sorting 231 machinery. Another possibility is that LES only mediates surface exposure, and flipped 232 lipoproteins are subsequently directed for enrichment into OMVs. In the case of SusG, 233 we have confirmed that LES is required for packing into OMVs. Future work is required 234 to unravel the link between surface exposure and OMV packing.
235
In the current models for PUL systems, the hydrolytic enzymes and the oligosaccharide 236 importers are present at the outer membrane (20, 32). However, we determined that 237 functional glycosyl hydrolases are mainly packed into OMVs. We also found that the 238 glycosidases present in OMVs can provide substrates to support the growth of other 239 bacteria, in agreement with the previously proposed function of OMVs as public goods 240 (22, 23) . We propose a model in which, in a process involving the LES, the 241 glycosidases are preferentially sorted into OMVs (Fig 9) . The secreted OMVs, armed 242 with an arsenal of hydrolases, can digest diverse dietary polysaccharides and host 243 glycoconjugates, making the mono-and oligo-saccharides available to all members of 244 the microbiota. Depending on the diet composition, Bacteroides spp can induce and 245 package different enzyme repertoires, and therefore, members of the microbiota can act 246 as donors or acceptors in their ecological niches. In addition, pathogens such as 247 Campylobacter, Salmonella, and Clostridium can also benefit from the glycosidic activity 248 contained in OMVs (40, 41) . 249 We have identified a set of OMV-and OM-enriched proteins that may be employed as Oligonucleotides, strains and plasmids are described in Table S3 . Bacteroides strains 261 were grown in an anaerobic chamber (Coy Laboratories) using an atmosphere of 10% 262 H 2 , 5% CO 2 , 85% N 2 . For liquid growth, TYG, TYM (TY media supplemented with 0.5% 263 maltose instead of 0.5% glucose), or minimal media supplemented with 0.5% glucose or 264 0.5% potato starch were prepared as previously described (17, 42) . BHI-Agar with 10% 265 defibrinated horse blood was used as solid media. Antibiotics were used as indicated; previously transformed E. coli S17-1 λpir as a donor, and strain plating and selection 279 was performed as previously described (44).
280
OMV preparations 281
Outer membrane vesicles were purified by ultracentrifugation of filtered spent media as 282 previously described by our group (5) For validation of MS data, duplicate SDS-PAGE gels were stained by Coomassie Blue 355 as described elsewhere and gel images were acquired to determine fraction quality and 356 relative abundance ( Fig. S2 and S3 ). For OMV/OM determination of SusG-6xHis experiments, cells were grown in minimal media with glucose and fraction were 358 prepared as described. After transferring SDS-PAGE gels, nitrocellulose membranes 359 were incubated with REVERT Total Protein Stain as described by the manufacturer (LI-360 COR) and imaged immediately at 680 nm (Fig. S4) 
394
For negative staining and analysis by transmission electron microscopy, bacterial 395 suspensions in PBS were allowed to absorb onto freshly glow-discharged 396 Formvar/carbon-coated copper grids for 10 min. Grids were washed in dH 2 O and 397 stained with 1% aqueous uranyl acetate (Ted Pella, Inc., Redding, CA) for 1 min.
398
Excess liquid was gently wicked off, and grids were allowed to air dry. Samples were 654 We performed membrane and OMV fractionation as indicated using cultures grown 655 overnight in minimal media with glucose. SDS-PAGE gels loaded with 10 μg of each 656 protein fraction were transferred onto nitrocellulose membranes and subjected to 657 REVERT total protein stain. Membranes were imaged immediately and Western Blot 658 analysis was carried out using anti-SusG antibodies as described in Materials and 659 Methods. Gel shown is representative of all the variants of SusG LES that were 660 assayed for OMV/OM ratio determinations. 
